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Pairing across the particle emission threshold and the properties of corresponding quasiparticle
strength functions are discussed in an extended mean-ﬁeld approach. This particular type of dynamical
correlations gives rise to a unique class of sharp low-lying resonances close to the particle emission
threshold. Spectral functions for particle and hole states are discussed. They are explored theoretically by
single-nucleon transfer reactions, populating the low energy continuum with respect to a core nucleus.
The cross sections of the reaction d(9Li, 10Li)p at T lab = 2.36 AMeV, recently measured at REX-ISOLDE,
are well reproduced by our calculations including a pairing resonance in the 3/2− partial wave of purely
coupled channels nature.
© 2009 Elsevier B.V. Open access under CC BY license. 1. Introduction
The gradual transition along isotopic chains from well to weakly
bound and ﬁnally to particle unstable nuclei is one of the out-
standing features of exotic nuclei. A key role in understanding
the interplay of nuclear interactions and many-body dynamics is
played by those isotopic chains with separation energies ﬂuctuat-
ing around the particle emission threshold. Among the best stud-
ied cases is the chain of lithium isotopes, especially the 9Li–10Li–
11Li ensemble. However, despite numerous experimental studies,
as in Refs. [1–5], and theoretical investigations, e.g. in Refs. [6–13],
there are still open questions on the spectroscopy and the dynam-
ical details of these nuclei. Of central importance for the whole
mass region is the neutron unbound nucleus 10Li which has at-
tracted much attention.
Conceptually, particle unbound nuclei like 10Li are requiring
new approaches being able to account for the interaction of par-
ticle stable and particle unstable conﬁgurations. Experimentally,
structures in the low energy continuum have been identiﬁed but
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Open access under CC BY license. their spectroscopic content is still unclear. A favoured interpre-
tation is to assign a considerable amount of s-wave strength at
the neutron threshold, guided by the apparent agreement with
break-up data for 11Li where a bound s-wave component in the
2-neutron halo wave function of up to 50% has been derived [14].
Extrapolations of the single particle shell model into the contin-
uum let assume a strong p-wave component as a resonance in the
n + 9Li 1/2− partial wave. However, an unambiguous determina-
tion of quantum numbers is still pending.
In a weakly bound, neutron-rich nucleus the energy scales are
deﬁned by the separation energy of the valence particles which
can be as low as a few hundreds of keV or even less. There-
fore, we must include all interactions down this order of magni-
tude. Close to the driplines the mean-ﬁeld self-energies will be
cancelled to a large extent by the kinetic energy of the parti-
cle, making the system weakly bound or even unbound on the
mean-ﬁeld level. A second chance for binding might be provided
by collisional processes, leading to special features like the Fano
resonances considered in Ref. [15]. In the Li-isotopes the conditions
are peculiar in the sense that the 9Li core nucleus is comparatively
inert as indicated by the rather high energy of the ﬁrst excited
state at Ex = 2.69 MeV, presumably of spin and parity Jπ = 1/2−
[16]. Hence, core polarization will be suppressed in the 10Li low-
energy continuum and start to contribute only above about 3 MeV.
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origin.
Theoretically, the description of the 9Li–10Li–11Li chain is de-
manding because in such light nuclei nucleonic and cluster de-
grees of freedom might strongly mix. Therefore, the otherwise very
successful techniques of nuclear many-body theory might not be
directly applicable. However, as long as we stay below the ﬁrst
cluster emission threshold and consider single nucleon observ-
ables, the cluster components in the full nuclear wave function
are likely to be less important or averaged out by the projection
to the nucleonic sector. Taking this point of view we describe 10Li
in an extended mean-ﬁeld approach including paring type corre-
lations in continuum conﬁgurations. In Section 2, this is achieved
by formulating the pairing problem in terms of a set of coupled
equations and solving the resulting Gorkov equations numerically
without the conventional BCS approximation. In fact, the proper
description of the pairing problem in nuclear systems is one of the
key questions of modern nuclear physics for inﬁnite nuclear and
neutron matter [17–19] and ﬁnite nuclei [8,20,21]. Results are pre-
sented in Section 3.
In Section 4 the structure results are used as input for trans-
fer reaction calculations [6,22–24]. We consider the population of
continuum states in 10Li by a d(9Li, 10Li)p reaction in inverse kine-
matics, as recently measured at REX-ISOLDE [24–26].
2. Pairing in the continuum
2.1. Pairing theory for weakly bound nuclei
Away from shell closures pairing effects from particle–particle
interactions play a signiﬁcant role in the spectroscopy, becoming
the more eﬃcient the smaller the energy gaps between the unper-
turbed mean-ﬁeld levels are. The spectral properties are described
in terms of particle- and hole-type states with wave functions
uαq and vαq , respectively, carrying quantum numbers α = (n jm)
and where q = p,n denotes protons and neutrons. The quantity
deﬁning the overall dynamics is the single particle mean-ﬁeld po-
tential Uq . The u- and v-type states are interacting in addition
through the pairing ﬁelds Δq . The problem is adequately formu-
lated by the Gorkov equations [8,19–21,27](
Tq + Uq − 2λq + eα Δq(r)
−Δ†q(r) −(Tq + Uq − eα)
)(
uαq(r)
vαq(r)
)
= 0. (1)
Here, the kinetic energy operator has been denoted by Tq . Par-
ticle number conservation in the average is accounted for by the
chemical potentials λq , the quasiparticle energy is expressed in
terms of the quasi-hole energy eα < λq . The simplest way of solv-
ing Eq. (1) is the BCS approach which amounts to assume that the
u- and v-type wave functions have the same radial wave func-
tions which are appropriately determined by the pure mean-ﬁeld
solutions, obtained for Δq = 0. More involved methods are being
applied in full HFB calculations for stable [28] and unstable nu-
clei [8,20]. Especially for weakly bound exotic nuclei with a nearby
continuum, discretization techniques based on the formalism of
canonical eigenstates are being used [20]. However, here we point
out that such intermediate steps are in fact unnecessary.
In fact, Eq. (1) is easily solved directly to any precision in energy
resolution by imposing physical boundary conditions on the upper
and lower components of the state vectors. The spectral properties
of Eq. (1) are such that two distinct regions can be identiﬁed:
1. the region of discrete bound states for 2λq < eα < λq and
2λq − eα < 0;
2. the continuum region eα < 2λq with positive particle energies
2λq − eα > 0.The ﬁrst situation prevails in β-stable nuclei. Then, in fact, the
radial shapes of the u- and v-components differ only marginally
and without loss of accuracy the usual BCS ansatz of integrating
out a common radial wave function can be used.
In the second case, a continuum of hole and particle states
emerges. Although the hole wave functions are still bound states
they obtain continuous spectral distributions with peak structures
close to the bare mean-ﬁeld eigenvalues. The width and energy
shifts of these states are determined by the coupling to the par-
ticle continuum through the pairing ﬁeld. For well bound nuclei
this effect is marginal because of the large energy gap between
bound and continuum states. In general, the pairing contribution
to the total spectral function will be small compared to polar-
ization effects from particle–hole excitations, at least for deeply
bound states.
However, close to the driplines, when λq approaches zero from
below, the additional attraction generated by the pairing correla-
tions will lower part of the continuum strength into the bound
state region. This gives rise to non-mean-ﬁeld intruder states
which are bound only by correlation dynamics. This effect is most
pronounced if the mean-ﬁeld produces low-lying single particle
resonances because their wave functions will have a particular
good overlap with the nuclear interior. As a reﬂection of that be-
haviour the particle continuum may show sharp resonances, pro-
duced by the coupling of the continuum states to the asymptoti-
cally closed hole sector. The mechanism behind those states is the
same as the one responsible for the Fano resonances studied pre-
viously in Ref. [15].
For studying 10Li we are especially interested in the continuum
part of the spectrum where 2λq − eα > 0. We consider stationary
solutions of Eq. (1) with particle-type radial wave functions ap-
proaching asymptotically standing waves boundary conditions
uα(r) → 1
kαr
(
cos(δα)Fα(r) + sin(δα)Gα(r)
)
, (2)
given by a superposition of regular (Fα) and irregular (Gα)
Coulomb or Bessel functions, respectively. The scattering phase
shift δα = δ(m)α + δ(c)α can be split into the mean-ﬁeld part δ(m)α
and the pairing correlation phase shift δ(c)α . By deﬁning the regu-
lar and irregular bare mean-ﬁeld solutions fα and gα , respectively,
with corresponding asymptotic forms
fα = cos
(
δ
(m)
α
)
Fα + sin
(
δ
(m)
α
)
Gα,
gα = cos
(
δ
(m)
α
)
Gα − sin
(
δ
(m)
α
)
Fα, (3)
we ﬁnd the relation
uα(r) → cos
(
δ
(c)
α
)
fα(r) + sin
(
δ
(c)
α
)
gα(r), (4)
which leads to the interpretation that pα ≡ cos2(δ(c)α ) is the (en-
ergy dependent) spectroscopic probability for ﬁnding the unper-
turbed mean-ﬁeld wave function fα(r) in the Gorkov wave func-
tion uα . Correspondingly, qα = 1 − pα = sin2(δ(c)α ) describes the
amount of non-mean-ﬁeld pairing correlations in the state uα .
The wave functions are normalized as∫
d3r
(
u∗α(r)uβ(r) + v∗α(r)vβ(r)
)
= δαβ
{
1, λq > eα > 2λq,
1
4π
1
N(kα)
δ(eα − eβ), eα  2λq, (5)
in the discrete and the continuous part of the spectrum, respec-
tively, where N(k) = mk
2π2h¯2
denotes the density of states in the
particle channel at momentum k. This condition implies that the
hole states themselves are normalized to the occupation probabili-
ties at the given energy. In the discrete part of the spectrum these
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functions.
The proton and neutron number densities ρq and the anoma-
lous pairing densities κq , respectively, are given by
ρq(r) =
λq∫
−∞
de
∑
α
(∣∣vqα(r)∣∣2Θ(e − 2λq)δ(e − eα)
+ 4πN(kα)
∣∣vqα(r)∣∣2Θ(2λq − e)), (6)
κq(r) = 1
2
λq∫
−∞
de
∑
α
(
vqα(r)u†qα(r)Θ(e − 2λq)δ(e − eα)
+ 4πN(kα)vqα(r)u†qα(r)Θ(2λq − e)
)
, (7)
with summation over the discrete and integration over the con-
tinuous part of the spectrum, respectively. The summation over
angular momentum quantum numbers is implicit and Θ(x) de-
notes the Heaviside step function. Integrating Eq. (6) over space
we ﬁnd the hole spectral function which for λq < 0 is given by
dnq
de
= Θ(e − 2λq)
∑
α
nqα(eα)δ(e − eα) + Θ(2λq − e)
∑
α
Sqα(e),
(8)
where nqα and Sqα are deﬁned in terms of the volume integrals
over wave functions from the discrete and continuum parts of the
spectrum, respectively. The proton and neutron chemical poten-
tials λq are obtained from the constraint to reproduce the corre-
sponding particle numbers Nq:
Nq =
∫
d3r ρq(r) =
λq∫
−∞
de
dnq
de
. (9)
2.2. Pairing and scattering phase shifts
The effect of pairing in continuum states is seen more clearly by
eliminating in Eq. (1) the closed channel leading to an equivalent
effective Schrödinger equation (e > 0)(
Tq + Uq + Σ(c)q − e
)
uqα(r) = 0 (10)
where channel coupling is now contained in the additional
(energy-dependent and non-local) pairing self-energy
Σ
(c)
q = Δ†q 12λq − e − Tq − Uq Δq (11)
which is varying rapidly at the energies e ∼ 2λq − ηb , related to
bound state eigenvalues ηb < 0 of the unperturbed mean-ﬁeld
Hamiltonian. From Eq. (10) one derives the conclusive expression
for the pairing phase shift
tan
(
δ
(c)
α
)= − m˜kα
4π h¯2
〈 fα |Σ(c)q |uα〉 ∼ − m˜kα
4π h¯2
〈 fα |Σ(c)q | fα〉 (12)
given in terms of the pairing self-energy with the reduced mass m˜
and kα is the momentum in the center-of-mass frame. The prop-
erties of pairing are such that close to the particle threshold sharp
resonances appear. Their widths, to a good approximation given by
Γ
(c)
α ∼ N(kα)|〈 fα |Δα |vb〉|2, are of the order of a few ten to a few
hundred keV, thus being considerably smaller than conventional
potential resonances but resembling the Fano resonances investi-
gated in Ref. [15].
In the same way, we could eliminate the open channel and de-
rive an induced self-energy in the closed hole channels of the samestructure as Eq. (11), except that the intermediate propagator is
given by the bare mean-ﬁeld particle Green function. In that case
the energy dependence of the pairing self-energy produces spec-
tral distributions of the hole states for hole energies eb < 2λq .
3. Results for neutron spectral functions in 9Li and 10Li
3.1. Details of the numerical calculations
The Gorkov equations were solved self-consistently by using an
updated version of our G-matrix interaction discussed in Ref. [27].
As in Ref. [27] we use the density matrix expansion (DME) method
to reduce the full ﬁnite range and non-local G-matrix to a lo-
cal ﬁnite range interaction, allowing a much simpler numerical
treatment. In a ﬁrst step we represent the G-matrix in momen-
tum space in terms of a superposition of (non-relativistic) me-
son exchange potentials with Yukawa propagators. The standard
set of mesons is taken into account in non-relativistic approxima-
tion: pseudoscalar pion and eta exchange, the scalar sigma and
delta/a0(980) mesons, and the omega and rho mesons in the vec-
tor channel. Each of the meson exchange potentials is represented
by a Yukawa propagator, which in r-space is Ym(x) = e−mx/mx, and
a strength factor V (m) ∼ g2m . In a second step, the coupling con-
stants g2m are determined by requiring that the equations of state
of inﬁnite nuclear and neutron matter of Ref. [29] are reproduced.
We separate the full proton and neutron HFB mean-ﬁelds into
a direct Hartree part U (H)q and a Fock part U
(F)
q . Different from the
original DME approach we compute the direct proton (q = p) and
neutron (q = n) potentials U (H)q , respectively, in full ﬁnite range by
folding the self-consistently obtained proton and neutron number
densities with the scalar and vector meson potentials
U (H)q (r) =
∑
q′,m
V (H)qq′ (m)
∫
d3r′ Ym(r −r′)ρq′ (r′). (13)
The DME method is used to reduce the Fock-terms U (F)q to
equivalent local potentials [27,30]. For protons the Coulomb po-
tential is also included, obtained from the HFB charge densi-
ties by folding. Spin–orbit effects are taken into account by a
P -wave delta-function type NN potential of standard strength
W0 = 120 MeV fm5.
The pairing ﬁeld Δq is determined by the anomalous densi-
ties κq(r) and the NN singlet-even K -matrix KSE [9,17,18,20,21,
27], approximated by a contact interaction with a strength factor
GSE(kF) = KSE(k,k′)|k=k′=kF determined by the on-shell SE scatter-
ing amplitude at the local Fermi-momentum kF(r). At vanishing kF
the strength factor GSE approaches the SE s-wave scattering length,
as = −17.1 fm and the effective range parameter rs = 2.71 fm, re-
spectively, are obtained.
With these input quantities, the coupled channels Gorkov equa-
tions were solved numerically by direct integration using the
Numerov method and imposing the physical boundary condi-
tions discussed above. The theoretical binding energy for 9Li,
including center-of-mass corrections, is BHFB(A)/A = 5.31 MeV,
being slightly larger than the experimental value, Bexp(A)/A =
5.04 MeV [31]. The corresponding result for 10Li is Bexp(A)/A =
4.53 MeV, compared to BHFB(A)/A = 4.55 MeV, obtained by as-
suming that the neutron is occupying the s-wave continuum. Fi-
nally, the rms charge radius of 9Li is obtained as rc,HFB = 2.27 fm
which is a typical value for that mass region.
3.2. Continuum spectral functions in 10Li
In Fig. 1 neutron single particle spectral functions in 9Li are
displayed for both the hole and the particle sector. The widths of
S.E.A. Orrigo, H. Lenske / Physics Letters B 677 (2009) 214–220 217Fig. 1. Neutron single particle spectral functions in 9Li for s-, p-, and d-waves. Part of the d5/2 strength is lowered into the bound state sector solely by the pairing interactions
through coupled channels effects.
Fig. 2. Partial wave cross sections for elastic scattering of a neutron on 9Li. Results of the full HFB Gorkov-pairing and bare mean-ﬁeld calculations are compared for partial
waves up to d-waves. In the p-wave channels pairing contributes an attractive self-energy, producing resonances. A slight attraction is seen for the s-wave, while repulsion
is found for the d-wave.the hole distributions at negative energies originate from the cou-
pling between the bound and the continuum sector in the Gorkov
equations. While the valence levels (in this case the p3/2 orbit)
gain only a moderate width, the deeply bound s-wave levels are
coupled more eﬃciently by the pairing ﬁeld to the correspond-
ing particle continuum. The p-wave components are of an order
which one might expect in a light open shell nucleus like 9Li, but
it should be noted that the spin–orbit splitting does not follow the
rules known from well bound stable nuclei. This is most obvious
from the d5/2 hole strength being located between the lowest en-
ergy s- and p-wave regions. That component is a reﬂection of the
5/2+ resonance showing at the high energy edge. The pattern seen
in Fig. 1 is quite different from a mean-ﬁeld picture. An additional
small amount of 1/2+ and 3/2+ strength, not resolved in Fig. 1,
is located above the p1/2 peak. Altogether, the results indicate
that the level ordering is obviously considerably affected by other
mechanisms than the conventional nuclear mean-ﬁeld dynamics.
In this case, the level structure is determined through higher order
coupled channels effects by pairing correlations. Although the non-
mean-ﬁeld contributions are accounting for only about 5% of the
total occupancy, the presence of such intruder components indi-
cates the deviations from simple mean-ﬁeld dynamics around the
neutron dripline.In Fig. 2 we display the elastic scattering cross sections for
several n + 9Li partial waves. Most conclusive is the compari-
son of the bare (Hartree–Fock) mean-ﬁeld results and the full HFB
Gorkov-pairing calculation. The additional interactions gained from
pairing produce resonances in the p-wave channels. They occur in
an energy region well below the core excitation spectrum, start-
ing at about the energy of the ﬁrst excited state of the 9Li-core,
Ex = 2.691 MeV. The positive parity channels are affected to a
lesser degree with a slight attraction in the 1/2+ s-wave channel
and repulsion in the d-wave channels.
4. Transfer reactions to continuum states in 10Li
A probe for the spectral structures discussed above are transfer
reactions A(a,b)B, with a = b+ x and B = A+ x (with x the trans-
ferred particle). The invariant cross section for the reaction A +
d → (A+ n) + p leading to a three body exit channel is deﬁned by
dσβα = 1
Iα
d3Pβ
(2π)3
d3kβ
(2π)3
d3qβ
(2π)3
δ(Pβ − Pα)
× δ
( h¯2k2β
2μβ
+ h¯
2q2β
2Mβ
+ M − h¯
2k2α
2μα
)∣∣Xβα(kβ, qβ, kα)∣∣2,
(14)
218 S.E.A. Orrigo, H. Lenske / Physics Letters B 677 (2009) 214–220Fig. 3. Angle integrated cross section for the reaction d(9Li, 10Li)p at 2.36 AMeV. The data are taken from Refs. [24,35]. The theoretical results include the experimental
energy resolution of ΔFWHM ∼ 250 keV [35]. The n + 9Li p-waves are seen to produce two resonance-like structures. The lower one is in the 1/2− partial wave. The 3/2−
contribution is already suppressed because of phase space and reaction effects. The s- and d-waves partial cross sections are negligibly small.
Fig. 4. Angular distributions for the d(9Li, 10Li)p reaction at T lab = 2.36 AMeV compared with the data of Ref. [24].where Iα is the incoming ﬂux and Xβα denotes the invariant reac-
tion amplitude. The conservation of the total momentum Pα = Pβ
is taken care of by the delta-function, kα is the relative d–A
momentum in the initial c.m.-frame. The outgoing proton in the
B = n + A system is kβ , the intrinsic motion of the neutron in the
B system is given by qβ . μβ and Mβ denote the corresponding re-
duced masses. The mass differences, i.e., change in binding energy,
are accounted for by M . Since the neutron is not observed we
integrate over d3qβ and rather than using momenta we change to
energy variables, resulting in the double differential cross section
d2σβα
dΩβ dEβ
=
∑
 j
D(qβ)
dσ  jβα
dΩβ
, (15)
with D(qβ) = D20 Mβqβh¯2 is determined – up to a factor of 2π2 –
by the level density in the B = A + n system and D0 denoting
the break-up amplitude of the deuteron in zero-range approxima-
tion [22]. The reduced differential cross sections for populating the
state  j with energy E(qβ) is given by
dσ  jβα
dΩ
= μαμβ
(2π h¯2)2
kβ
kα
1
(2 jα + 1)(2 Jα + 1)
∑
mαMαmβMβ
∣∣T  jβα(kβ, kα)∣∣2
(16)formally resembling the cross section for a 2 → 2 (d,p) reaction
populating a state (, j) but including the transfer form factor
to an unbound 10Li conﬁguration and describing the momentum
distribution of the transferred particle. Coupling to intermediate
break-up and inelastic channels may lead to higher order modi-
ﬁcations but, in view of the lack of collective excitations in the
excitation energy window accessed by actual REX-ISOLDE experi-
ments, their contributions are small in the present case. Compound
nuclear processes are strongly suppressed because the ﬁnal 10Li
system is detected in a deﬁnite spectroscopic state. As pointed out
in Ref. [23] this is an important advantage of reactions in inverse
kinematics.
Because of the lack of optical model potential (OMP) data for
exotic nuclei, the DWBA calculations for the d + 9Li → p + 10Li
reaction were performed with the Hinterberger deuteron OMP [32]
in the incident (d + 9Li) channel and the Menet proton poten-
tial [33] in the exit (p + 10Li) channel. The convergence problems
in the radial integrals of the DWBA transition amplitude Tβα are
overcome by the contour integration technique of Vincent and For-
tune [34].
Attaching a neutron in a partial wave (, j) to the 9Li( J )-core
with spin J and parity π J leads to a multiplet of states with total
angular momentum I , | j − J | I  j + J , and parity πI = π J (−) .
For the present study we neglect residual interactions in the n +
9Li system such that these states are energetically degenerate. We
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resented in terms of an effective 2-body problem given by treating
the motion of the emerging proton with respect to the target-like
10Li residue as a whole. The motion of the neutron within the un-
bound 10Li = n + 9Li system is considered separately. Hence, we
neglect also the n–p ﬁnal state interactions.
In Fig. 3 our results for the angle-integrated total transfer cross
section are displayed and compared to data from the recent REX-
ISOLDE experiment at incident energy T lab = 2.36 AMeV [24–26,
35]. The theoretical results have been folded with the experimental
energy resolution, ΔFWHM ∼ 250 keV [35]. The overall agreement
is quite satisfactory, explaining the bump at 400 keV by the 1/2−
resonance and the structure around 800 keV by the 3/2− coupled
channels resonance. The 3/2− resonance is suppressed and broad-
ened by phase space and reaction effects because the cross section
decreases already strongly at this part of the spectrum. As seen
from Fig. 4, also the few points available for the angular distri-
bution [24] are well reproduced. The calculations predict that the
major art of the transfer strength is actually located in the for-
ward angle region which experimentally was not accessible. We
emphasize that the elastic scattering and reaction cross sections
have practically the same shape. A physical resonance has to be
visible in both, since they reﬂect the same nuclear structure given
by the spectral function.
As pointed out in Ref. [23], low incident energies are the most
favourable for transfer reaction on weakly bound nuclei. Indeed,
repeating the calculations at T lab = 20 AMeV, as in the MSU ex-
periment [36], the total cross section in the p1/2-resonance region
is lowered by a factor of 26.
Recently, fragmentation reactions in a C target with a 11Li beam
of relativistic energy (264 AMeV) have been realized at GSI [37].
The one-neutron knockout channel gives information on 10Li, al-
though indirectly through ﬁnal state interactions. A p-state at
0.51 MeV and an s-wave virtual state at the threshold were found.
The GSI data are reproduced quite well with the theoretical model
of Ref. [38]. Since such reactions involve different mechanisms, at
the moment a meaningful comparison with our theoretical spec-
trum, which takes into account the pure transfer only, is beyond
the scope of this Letter and will be presented elsewhere. However,
the evidence of a d-wave contribution in the neutron hole spectral
function of 9Li (see Fig. 1) agrees with their observation of d-wave
strength at ∼ 1.5 MeV [37,38].
5. Conclusions
For nuclei with weakly bound or unbound valence particles,
paring effects may introduce pronounced structures and shifts in
the low-energy continuum of all the channels, reﬂecting the cou-
pling between the particle and hole components. However, in
dripline nuclei the conventional BCS approach is no longer ap-
propriate and should be replaced by the more involved Gorkov
equations. The mechanism is similar to core polarization where the
coupling of closed and open channels leads to the Fano resonances
[15]. Number projection has been neglected in the present study.
In fact, compared to a pure BCS calculation the ﬂuctuations are re-
duced because they are determined by the overlap of the bound
hole and the unbound particle wave function. The Nogami–Lipkin
method [39] seems to be an approach feasible also for the more
involved case of a continuous spectrum. Work in this direction is
in progress.
Single-nucleon transfer reactions to unbound ﬁnal states have
been studied theoretically in a DWBA approach, taken fully into
account the continuum asymptotic of the form factor and the con-
straints imposed by the three-body phase space. The application of
the model to the d(9Li, 10Li)p reaction at T lab = 2.36 and 20 AMeV
has shown that the transfer reactions are a powerful tool to docontinuum spectroscopy in exotic nuclei, allowing to explore the
low-energy structure of unbound systems such as 10Li. The corre-
lation between the spectral distributions and the properties of the
n + 9Li interaction has been explored. An important aspect is the
special sensitivity to the low-density tails of the n + 9Li poten-
tials indicating the possibility to constrain also the size and shape
of the core from the analysis of transfer cross sections.
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